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Abstract 
The linear thermal expansion coefficients ͣL of the higher manganese silicide compounds are calculated using a 
combined approach involving Density-Functional Theory calculations, an empirical relation and experimental data. 
Since it has been reported that the linear thermal expansion coefficient and the cohesive energy are inversely 
proportional to each other, we calculated by DFT methods the cohesive energies of a set of selected disilicide 
compounds and using the corresponding experimental data for ͣL we determined the coefficient of proportionality. 
From the empirical relation so obtained, the linear thermal expansion coefficients of the HMS in the ‘a’ and ‘c’ 
directions were calculated. 
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1. Introduction 
The semiconductors Higher Manganese Silicides MnSix (x = 1.72 – 1.75) also known as HMS are the 
highest silicon-rich intermediate phases in the manganese-silicon binary phase diagram. These 
compounds have attracted much attention in recent years because of their applications in spintronics, such 
as ferromagnetic semiconductors, and in thermoelectrics due to their large Seebeck coefficient, low 
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resistivity, and high oxidation resistance [1-3]. Several HMS, namely Mn4Si7 [4], Mn11Si19 [5], Mn15Si26 
[6], and Mn27Si47 [7] are reported in literature. These phases are referred to as the “Nowotny chimney 
ladder” phase being derived from a TiSi2 parent structure [8]. They all possess a tetragonal unit cell with 
high anisotropy. These structures differ mainly by the c-parameter which is in all cases very large in 
comparison to the a-parameter, and hence these phases are difficult to distinguish from one another. 
The cohesive energy is among the most fundamental physical quantity as it shows the strength of the 
chemical bond between atoms in solids. It corresponds to the energy gained by the crystal when arranging 
the atoms into the crystalline lattice from the gas phase. As a consequence, at absolute zero Kelvin the 
cohesive energy is a measure of the crystal stability. To the best of our knowledge, the cohesive energy of 
the Higher Manganese Silicides has not been studied so far. From a theoretical viewpoint they can be 
obtained from ab initio calculations using either wavefunction-based methods (Hartree-Fock and post-
Hartree-Fock) or the density functional theory.  
Another important factor, especially for controlling the hetero-epitaxial growth of materials, is the 
linear thermal expansion coefficient. Tsuru et al. [9] showed that the linear thermal expansion coefficient 
is inversely proportional to the cohesive energy. Using experimental linear thermal expansion coefficients 
and the calculated cohesive energies for a set of compounds these authors determined the coefficient of 
proportionality between both two properties. However, Tsuru's set of compounds does not comprise 
silicide ones. Thus, the aim of this work is to calculate the cohesive energy for a set of silicide compounds 
for which the experimental linear thermal expansion coefficients are known so as to obtain the empirical 
relation between these properties. The silicides that we selected in our set are disilicide so as to have 
silicon to metal content ratio close to that of the HMS. Finally, using the empirical relation, we 
determined the linear thermal expansion coefficient of the HMS. 
2. Computational details 
The cohesive energies were calculated by Density-Functional Theory [10,11] method using the 
Quantum Espresso [12] package. The generalized gradient approximation (GGA) approach that accounts 
for the local electron density and its gradient at each point in space was used to calculate the exchange 
and correlation energies. The exchange-correlation functional is the Perdew-Burke-Ernzerhof (PBE) one 
[13]. A cutoff energy of 30 Ry for the plane wave expansion and 300 Ry for the electronic charge density 
was found to be sufficient to obtain converged results. The stationary state structures for the atoms and 
cell parameters were optimized using the Quasi-Newton Broyden-Fletcher-Goldfarb-Shanno BFGS 
generalized algorithm. The structure was considered as being converged when forces on atoms and 
pressure were below 0.0001 Ry/Bohr and 0.2 kbar, respectively. The 12 x 12 x 4 grid of the Monkhorst-
Pack k-points was utilized in the case of Mn4Si7. Because of the relatively large c lattice parameter of 
Mn11Si19 we used the 6 x 6 x 1 k-point grid, while for Mn15Si26 and Mn27Si47, the k-point mesh was set to 
2 x 2 x 1. The calculated cohesive energy per atom is defined as 
Ecoh = (Eatom – Etotal) / N                            (1) 
where Ecoh is the cohesive energy (in eV/atom), Etot is the total energy of the compound, Eatom is the total 
energy of a neutral atom, and N is the number of atoms in the compound. 
 
3. Results 
The silicide compounds that we used in our set to obtain the empirical relation between the cohesive 
energies and the linear thermal expansion coefficients ͣL are presented in Table 1 with their cell 
parameters, symmetry point group and cohesive energy calculated at the DFT-PBE level of 
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approximation. The cohesive energies lie in the range 4.5-6.4 eV/atom, which is much more restricted 
than for other groups of materials (3-8 eV/atom for oxides, 5-9 eV/atom for carbides, 6-8 eV/atom for 
nitrides and around 7 eV/atom for borides, according to Tsuru [9]). This result can be explained by the 
limited number of silicides used in our set and by the fact that we considered only disilicides. We can also 
notice that the calculated cohesive energies of the silicides are larger than those of common metals (1-4 
eV [9]). They are of the same order of magnitude as those of oxides.  
 
Table 1. Set of silicide compounds used in our study. The cohesive energies are calculated by DFT method and the 
linear thermal expansion coefficients are those along ‘a’ and ‘c’ and are given for the temperature 0 Kelvin. 
 
Compound Cell parameters  Symmetry 
Cohesive 
energy  
Linear thermal 
expansion 
coefficient along a 
(x 10-6 /K). From 
Ref. 14 
Linear thermal 
expansion 
coefficient along c 
(x 10-6 /K). From 
Ref. 14 
NbSi2 (A°) point group (eV/atom) 9.078 8.653 
ZrSi2 3.702x14.745x3.67 Cmcm 5.67 1.108 8.634 
CrSi2 4.428x6.369 P6222 4.72 8.177 8.986 
MoSi2 4.642x6.529 P6222 4.81 5.617 4.115 
WSi2 3.218x7.840 I4/mmm 6.07 6.512 8.800 
ReSi2 3.13x7.67 I4/mmm 5.85 4.239 7.530 
TiSi2 4.796x8.258x8.543 Fddd 4.62 6.875 5.409 
TaSi2 4.755x6.509 P6222 6.36 6.783 6.127 
VSi2 4.570x6.362 P6222 4.53 8.016 7.485 
 
Contrary to local-density functionals that yield poor results for the cohesive energies of solids, it is 
usually admitted that gradient corrected functionals perform better. A comparison between the DFT-
calculated cohesive energies and those calculated from the heat of formation and the cohesive energies of 
pure elements, by using equation (2) confirms that cohesive energies can be reliably calculated by GGA 
functionals such as PBE (see Fig. 1). The maximum and mean average deviations between the 
experimental and calculated values are 14.5% and 6.6%, respectively. Equation (2) reads: 
 
Ecoh = (xEA + yEB - ¨H) / N     (2) 
where Ecoh is the cohesive energy of AxBy. EA and EB are the cohesive energies of pure elements A and B, 
respectively. ǻH is the heat of formation of AxBy, x and y are the compositions of A and B atoms, and N 
is the total number of atoms in AxBy. 
The experimental data for EA and EB that we used were taken from Ref. [15]. ǻH was calculated using a 
revised Miedema's model [16]. 
The plot of the linear thermal expansion coefficients ĮL with respect to the cohesive energy is depicted in 
Fig. 2. The curve corresponds to the fit of experimental data with the hyperbola equation, similar to 
Tsuru's work. Although the data look rather scattered around the curve, the fitting parameters (C=32.0004 
eV/106K along ‘a’ and C=38.2736 eV/106K along ‘c’) are of the same order of magnitude as those found 
by Tsuru et al. With the empirical relation ĮL = C/Ecoh it is now possible to determine the linear thermal 
expansion coefficients of the HMS. The data are given in Table 2. 
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Fig. 1. Calculated cohesive energies versus experimental ones. 
 
The cohesive energies of the HMS are very close to one another and amount to 4.58 eV/atom, on average. 
Only Mn4Si7 shows a slightly increased stability at 0 Kelvin compared to the other HMS. As expected 
from these results, the computed values for ĮL are very close to one another, too. They amount to 6.95 10-
6 K-1 along a and 8.34 10-6 K-1 along c, on average. The trend observed in our results, namely ĮL (Mn4Si7) 
< ĮL (Mn11Si19) < ĮL (Mn27Si47) < ĮL (Mn15Si26), could denote a larger stability of Mn4Si7 at low 
temperatures or under pressure, and of Mn15Si26 at high temperatures. This assumption is supported by 
recent works from the authors [17- 20].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Experimental linear thermal expansion coefficients along a (a) and along c (b) plotted against the calculated 
cohesive energies (red crosses) and fitting curves using the hyperbola equation (in green). 
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Table 2: Calculated cohesive energies of HMS and their linear thermal coefficient expansion determined from our 
empirical relation ĮL = C/Ecoh. 
HMS Number of 
atoms in the 
structure 
Cohesive 
energy  
(eV/atom) 
Linear thermal expansion 
coefficient along a  
(x 10-6 /K) 
Linear thermal expansion 
coefficient along c  
(x 10-6 /K). 
Mn4Si7 44 4.597 6.861 8.326 
Mn11Si19 120 4.587 6.976 8.340 
Mn15Si26 164 4.582 6.984 8.353 
Mn27Si47 296 4.586 6.978 8.346 
4.  Conclusion 
The linear thermal expansion coefficients of higher manganese silicide compounds have been determined 
by combining theoretical, experimental and empirical approaches. DFT methods were used to calculate 
the cohesive energies Ecoh of various silicide compounds for which the linear thermal expansion 
coefficients ĮL are known from experiment. Then, using the empirical inverse relation between ĮL and 
Ecoh, we determined the empirical relation that links these properties for silicide compounds. This allowed 
us to calculate the linear thermal expansion coefficients of the HMS along ‘a’ and ‘c’ directions. It was 
found for both directions that ĮL (Mn4Si7) < ĮL (Mn11Si19) < ĮL (Mn27Si47) < ĮL (Mn15Si26). This ordering 
of the linear thermal expansion coefficients could give insight into the stability range in temperature of 
the HMS compounds. 
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